This report describes analytical methods for calculating stresses and damage caused by degradation of the matrix constituent in polymer matrix composite materials. Laminate geometry, material properties, and matrix degradation states are specified as functions of position and time. Matrix shrinkage and property changes are modeled as functions of the degradation states. The model is incorporated into an existing composite mechanics computer code. Stresses, strains, and deformations at the laminate, ply, and micro levels are calculated, and from these calculations it is determined if there is failure of any kind. The rationale for the model (based on pubhshed experimental work) is presented, its integration into the laminate analysis code is outlined, and example results are given, with comparisons to existing material and structural data. The mechanisms behind the changes in properties and in surface cracking during long-term aging of polyimide matrix composites are clarified. High-temperature-material test methods are also evaluated. 
Introduction
Obviously, degradation is a complex and coupled process:
heat, moisture, and oxygen are transported into the material; the matrix material changes chemically; the changes in the matrix affect the behavior of the composite material at the ply and laminate level; and this behavior sometimes leads to cracking or other failures. Failures such as matrix cracks may in turn lead to greatly enhanced oxygen ingress, greater material changes, and more cracking---clearly a coupled, and potentially unstable, situation. We need to be able to analytically model this problem. Testing is also required, but it cannot be pursued blindly. There must be an understanding of what a given test is measuring. Even without a full set of material property data, analytical tools can aid in the identification of critical phenomena, the design of tests, and the interpretation of test results. Coupled with experimentally collected material property data, analytical tools will ultimately provide design capability for durable high-temperature composite structures. The work presented here concentrates on a current weak point in analytical capability--linking matrix material degradation and shrinkage to the ply and laminate behavior that results. The objective of this report is to describe a new set of analytical methods that can be used to predict the effects of matrix degradation and shrinkage on the performance of composite laminates.
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Background

Statement of Problem
Given the geometry of a laminate, the applied mechanical loads, the constituent material properties, and the temperature, moisture, and matrix degradation states for each ply in the laminate, we must find the stresses, strains, and deformations at the laminate, ply, and microstructural levels, and determine if any failures occur. Once this capability is achieved and added to an existing composite analysis package, wemust verify it by comparing the results to existing experimental data.
Approach
The problem is approached herein in three steps:
(1) Based on existing experimental evidence, an empirical model is developed in which shrinkage and changes in matrix properties are functions of several different degradation mechanisms.
(2) From fundamental micromechanics principles, the effects that these changes in the matrix will have on unidirectional plies is predicted.
(3) By using modified classical-laminated-plate relations, theeffect ofplychanges onlaminate behavior is predicted.
These three models arethen used to calculate stresses due to degradation and mechanical and hygrothermal loading at the laminate, ply, and micromechanical levels. Composite failure criteria are used to determine if failures occur.
The metrics are defined such that they have the value 0 in virgin material and 1 in fully degraded material. They are defined as follows: The first process is a matrix mechanism that is partly an extension of the cure process, in which the matrix changes by chemical and physical aging. This mechanism, which depends on temperature and time, is associated with small amounts of matrix shrinkage and mass loss (less than 1 percent) and with density and material property changes. In thermoset materials, this mechanism is dominated by changes in chemical cross-linking, so the mechanism will be referred to here as the cross-linking mechanism.
The second process is a degradation mechanism due to oxidation and/or another mechanism that breaks down the polymer structure of the matrix. Temperature and oxygen availability govern this mechanism. In thick parts of the matrix, this mechanism appears to be diffusion limited and, thus, occurs mostly on the surface, causing material property changes (mostly degradations) and mass loss. Mass can be lost by erosion of the surface (making the part smaller), formation of voids, reduction in density of the matrix, or shrinkage of the matrix. In practice, density changes are not observed, whereas some void formation and major shrinkage are observed (ref. 5 ). This second mechanism will be referred to as the mass-loss mechanism.
5_2 Degradation Metrics
The degradation state at a point will be represented by two dimensionless metrics: a, the cross-linking mechanism; and b, the mass-loss mechanism. The first, a, is a measure of chemical cross-linking and is taken to be proportional to the increase in the measured glass transition temperature of the matrix material. The second, b, is a measure of the breakdown of the polymer and is taken to be proportional to mass loss.
where T is the measured glass transition temperature, m is the massgin a small volume of matrix surrounding the point at which the degradation is specified, and the subscripts o andf represent the initial and final states. Note that a is positive for an increase in Tg, whereas b is positive for a decrease in mass; the final state in the mass-loss case occurs when the mass is zero. These metrics specify the degradation state at a single point and at a given time. However, because the degradation state within a specimen is time dependent and nonuniform, these metrics must be specified as functions of time and position.
Matrix Property Changes
The effects of aging on the matrix's room temperature properties are modeled empirically as functions of the two degradation metrics. The intent of these models is not to predict property changes, but to reduce the existing data to a computationally convenient form. The engineering stiffness
properties Era and G m of the matrix are altered by aging as follows:
where PRT represents the modified property used in all subsequent calculations, PRTo represents the initial value of that property, and AE a and AE b represent changes in E m associated with the first and second mechanisms respectively. The
Poisson' s ratio is assumed to be unaffected, and AE and n E are determined by fitting equation (3) (6) where TRT is room temperature.
Thermal expansion coefficients are also modified by equation (6), but with the 1/2 power replaced by -1/2 (from ref. 12) . Degraded properties at temperature T are found by first applying equations (3) to (5) and then applying equation (6).
Shrinkage and Void Formation
Consider an infinitesimal cube of matrix material ( fig. 1) with initial side length l°and porosity _o" The cube is unrestrained and effectively homogeneous, with the porosity uni- 
and its mass is
In response to degradation, the volume can (1) lose mass, which gives a new mass m; (2) shrink, which results in a new side dimension l; (3) develop voids (increase porosity), which yields a new porosity _; and (4) change density, which results in a new density p. The new volume and mass are thus
A matrix shrinkage strain e * is defined as follows for a small 
Combining equations (8) and (10) m _ p (1-_)13 (13) 
Combining equations (2) and (19) and rearranging yields 
The rest of the mass loss must be accounted for by shrinkage. Combining equations (21) and (22), and rearranging to express shrinkage and porosity changes, yields both (25) and (26) and Similarly, and
Combining equations (24), (27), and(29)yields themodifiedvoidvolume fraction kv:
And combining equations (24), (28), and (30) yields the modified matrix volume fraction k :
Ply Properties
Ply properties are calculated from the fiber properties and the matrix properties as modified by aging (see eqs. (3) to (6)). The micromechanical relations of reference 12 are used.
In the notation of reference 12, the subscripts l, m, and f denote a ply property, a matrix property, and a fiber property, respectively. Numerical subscripts refer to directions as shown in figure 2. The relations are repeated here for convenience: 
gell (40)
Ply Shrinkage
The matrix shrinkage associated with degradation causes 
Combining equations (17) and (43) yields
For n = 1, which implies a linear relationship between shrinkage and this degradation mechanism,
Combining equations (23) and (44) gives
The fibers are assumed to be stable, so all fiber shrinkage coefficients are zero; thus
where the subscripts are defined in the same fashion as for the thermal expansion coefficients (eqs. (39) and (40)). 
For n = 1, equation (46) can be combined with equations (48) and (49) (50) and (51) to yield
The in-plane ply shrinkage strains due to degradation, _ll and _22' can now be calculated as
Microstresses
The mismatch between the shrinkage of the matrix and the fibers creates stresses at the micro scale, even in plies that are stress-free at the ply level. By modifying the relations of reference 13, the microstresses due solely to the degradation effects can be calculated as follows;
and for a complete description of this scheme). 
Effects at the Laminate Level
The shrinkage strains in the laminate coordinate system are 
t b Here Z i and z i represent the distance from the top and bottom, of ply i to the laminate centerline, and(_i is the respectively, rotated reduced stiffness matrix of the ply, the calculation of which is described in appendix B. The total laminate strains and curvatures, including mechanical, thermal, and hygral effects are
The a, b, and d matrices are the inverse laminate stiffness matrices, calculated according to the relations given in appendix B. The midplane strains ee( 0 in each layer are
where Z i is the distance from the midplane of ply i to the laminate midplane. The stresses in the laminate coordinate system are then
where E_ is the ply free thermal strain in the laminate coordi-H nate system and _t is the ply free hygral strain in the laminate coordinate system. In the ply coordinate system
7.2 PlyFailure
Material DataBase
The maximum stress failure criterion ratios for longitudinal, transverse, and shear stress in each ply are calculated in this section: The existing ICAN data base was updated with properties for the C-6000 fiber and modified properties for the PMR-15 matrix material. The fiber properties were taken from reference 8; unavailable properties were scaled from the existing data base for the similar AS4 fibers. The existing PMR-15 data base was modified as follows: (1) (1) and (6) were provided in reference 7 for a quantitative correlation of this effect, the predicted failure in the surface layers qualitatively agrees with the observed cracking of the surface layer.
Surface Cracking Study
The consequences of mass loss near the surface of composite specimens was parametrically studied. figure 12 ; they are much higher than the stresses at high temperature because of the presence of residual curing stresses (the cure temperature was assumed to be 371°C) and the fact that the matrix is stiffer at room temperature. Although the matrix is also much stronger at room temperature, the stresses are easily sufficient to cause cracking in this case. Even at zero mass loss, the stresses are very close to the transverse strength of the matrix.
This raises the possibility that specimens with small mass losses may not crack at the aging temperature, but may crack when returned to room temperature. 
Conclusions
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For a laminate with N plies,
where z i and z i represent the distances from the top and the bottom of the ply to the laminate centerline, respectively.
Assembling these 3x3 matrixes into a 6x6 matrix and inverting yields
where a, b, and d are the compliance submatrices for the laminate.
For ATi = 7"/-Tsf where Tsfis the stress*free temperature of the laminate, T/ is its temperature, and AM is its percent moisture content by weight, the ply thermal strains are given by r ar_
The ply moisture strains are given by
and the corresponding rotated ply strains about the structural x-axis are given by
where T is defined in equation (B2).
The respective laminate in-place forces are given by
and the laminate moments are given by 
